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§ Cost – Basis of Estimate (BoE)

§ Schedule – Resource loaded schedule (RLS)

§ Risk – Analysis and contingency

§ Summary
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Outline
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Charge #3

Charge #5

Charge #7

Does	the	conceptual	design	report	and	supporting	documentation	
adequately	justify	the	stated	cost	range	and	project	duration?
Does	the	proposed	project	team	have	adequate	management	
experience,	design	skills	and	laboratory	support	to	produce	a	
credible	technical,	cost,	and	schedule	baseline?
Is	the	documentation	required	by	DOE	O413.3b	for	CD-1	approval	
complete	and	in	good	order?



Lucas Taylor – Biographical sketch

Current roles

§ Associate Project Manager, HL-LHC CMS Upgrades 
§ Focusing on cost, schedule and risk

§ Fermilab Risk Manager and PIP-II Risk Manager
§ Lab-wide Enterprise, Operations and Project Risk
§ Risk Register, MC analysis, workshops, reviews
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Lucas.Taylor@cern.ch

Charge #5

Background

§ Deputy Project Manager, CMS Phase 1 Upgrades

§ CMS management roles
§ CMS Head of Communications
§ Collaboration Board Secretary  
§ Member of CMS CB, MB, FB
§ CMS Computing & Offline:  Deputy PM, Resource Manager, Technical Coordinator

§ Project Management Professional (PMP) since 2005

§ PhD Particle Physicist with CMS, L3, Pierre Auger Observatory, UA1



Cost Basis of Estimate
(BoE)
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Cost, schedule and risk documents
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Risk
Assessment

• Identify risks
• Estimate probability & impacts
• Plan risk mitigations & responses
• Perform stochastic MC analysis 
à cost & schedule contingency

Schedule
Development

• Define work activities
• Build schedule logic
• Load labor and M&S resources
• Optimize schedule
• Define milestones

Cost
Estimation

• Elucidate project scope
• Solicit vendor information
• Estimate direct M&S costs
• Estimate costed labor
• Estimate scientific labor

WBS Dictionary CMS-doc-13213
Key Assumptions CMS-doc-12919
Labor rates w/ OH & fringe CMS-doc-13284
Institute F&A rates CMS-doc-13272

Risk Register CMS-doc-13480
Risk Analysis CMS-doc-13481

Index of 52 BoEs in DocDB
incl. vendor information

https://go.usa.gov/xQ3JX  

Primavera P6 Gantt CMS-doc-13245
Milestones CMS-doc-13321
Cost book CMS-doc-13215

Charge #3, #7

https://go.usa.gov/xQ3JX


Updates since the DOE IPR (June 2018)

§ Timing Layer bottom-up cost estimate and RLS

§ Aligned project schedule to latest iCMS schedule 

§ Updated resource estimates (vendor quotes, labor estimates)

§ Updated all resource rates in BoEs, P6, Cobra, risk analysis
§ Fully-burdened labor rates for institutes à CMS-doc-13284
§ Institute F&A indirect rates à CMS-doc-13272
§ Escalation rates for M&S and labor à CMS-doc-13481
§ Foreign exchange rates à CMS-doc-13481

§ Updated RLS to reflect progress à recovered contingency 

§ Reviewed and updated all risks and added new MTD risks

§ Scrubbed RLS to fit funding guidance of $162.05M

§ Identified $5.11M of new downscope options
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was $165M at 
IPR, June 2018

à Charge

à Charge

à Charge



Cost Basis of Estimate (BoE)

§ Costs are estimated bottom-up by L2s, L3s, CAMs based 
on actual costs, vendor quotes and labor estimates from 
recent work or Phase 1 

§ BoEs describe the full work scope, key quantities, and 
cost estimates with supporting documents (e.g. vendor 
quotes), for the following 
§ M&S $: Hardware, travel, COLA, teaching buyouts, shipping
§ Labor hours: Technical labor (costed & scientific) & project office

§ Costs were reviewed and scrubbed (value engineering)

§ BoEs serve as input to build P6 resource-loaded schedule
§ P6 applies the institute indirect costs, labor rates and escalation
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“Key Assumptions”
CMS-doc-12919

Charge #3

BoE index: https://go.usa.gov/xQ3JX

https://go.usa.gov/xQ3JX


Direct M&S
cost ($)M&S ($) = ×

Indirect 
rate (%)1+( ) Escalation

per yr (%)1+ )(×
No. years

Sum over
activities

Σ
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§ Direct M&S costs expressed in base year $ (e.g. FY19$)

§ Standard guidance for travel and cost of living at CERN

§ Foreign costs expressed in $ using standard exchange rates 

Risk RU-402-1-01-D:  Future exchange rates ($36.0M in foreign costs)  

§ Indirect facilities and administration (“F&A”) rates 
§ Collected from all institutes and applied in P6 / Cobra

Risk RU-402-1-03-D:  Future indirect rates (esp. $58.6M costs at Fermilab)

§ Escalation is applied in P6 / Cobra to allow for inflation

§ OMB guidance, US Bureau of Labor Statistics, Office of Fermilab CFO

§ 2.0% for M&S and 3.2% for Labor

Risk RU-402-1-02-D:  Uncertainty in future escalation rates

M&S Costs

à CMS-doc-13353

à CMS-doc-13272

à CMS-doc-13481

“Key Assumptions”
CMS-doc-12919



Number
of hours

Hourly rate 
w/ fringe ($)Labor ($) = × Indirect 

rate (%)1+( ) Escalation
per yr (%)1+ )(× No. years×

Sum over
activities

Σ
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§ Number of labor hours is assigned per P6 activity, per labor 
resource – by institute, job function and level
§ Risks RT-402-n-90-D (n=1,2,4,6,8):  Key personnel need to be replaced

§ Hourly rates (fully burdened) per labor resource were obtained from 
institutes and entered into P6 and Cobra

§ Contributed (scientific) labor needs are also included in P6
§ Faculty, physics postdocs and graduate students 
§ Risks RT-402-n-91-D (n=2,4,6,8): Contributed labor is unavailable

Labor Costs “Key Assumptions”
CMS-doc-12919

à CMS-doc-13284



Cost Estimate Uncertainty (EU)

§ Cost estimates have intrinsic 
uncertainty due to design 
maturity, vendor prices, labor 
estimates

§ Estimate uncertainty is estimated 
per activity as % of base cost
§ Follow guidance from Fermilab Office 

of Project Support Services

§ Estimate uncertainty = $27.3M 
(25.6% of base cost to go*)
IPR (June 2018): EU= $34.6M (29.8% of c.t.g.) 
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* Not including risk-based contingency (see later slides)

“Key Assumptions”
CMS-doc-12919
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Project Cost Drivers*
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* Some subjectivity in how items are grouped

PM = Project Management   OT = Outer Tracker   CE = Calorimeter Endcap   TD = Trigger and DAQ   TL = Timing Layer

* BAC = Budget at Completion (=direct + indirect + escalation)

*



Cost Summary

§ Total Cost = $162.03M (= Base Cost + Estimate Uncertainty + Risk)
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CMS-doc-13215
CMS-doc-13481



§ Threshold KPPs = Main construction deliverables ($147.19M)

§ Objective KPPs = Technical scope options ($5.11M)  
+ Integration & Commissioning ($9.72M)
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Cost Summary – KPPs
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CMS-doc-13215
CMS-doc-13481

Includes all the costs 
for the threshold and 
objective KPP scope



§ Contingency (= Estimate Uncertainty + Risk) = 35.1% of cost-to-go

§ Scope options = $5.11M (= $3.86M base cost + $1.25M EU)
§ If this base cost were used as contingency:  Contingency = 40.2% of cost-to-go
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Cost Summary – Contingency
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IPR (June 2018):
38.8% of c.t.g.

CMS-doc-13215
CMS-doc-13481

à Charge



Schedule

15DOE CD-1 Review                       Project Cost, Schedule, and Risk Lucas Taylor, 22 October 2019



Resource Loaded Schedule (RLS)

§ RLS is built in Oracle’s Primavera P6, with strong support 
from the Fermilab Office of Project Support Services

§ RLS has 4692 resource-loaded activities
Activities cover: technical tasks, procurement, QA/QC, shipping, project 
mgmt. and controls, finance, administration, travel, COLA
§ Average Activity base cost = $26.6k
§ Average Activity duration = 2.4 months  (not counting LoE/support)

§ 284 iCMS external milestones – not all influence US scope

§ 785 technical milestones (9/month) to track future progress
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Charge #5

CMS-doc-13321
CMS-doc-13245



Milestones

§ High level reporting milestones have 3-6 months of schedule contingency 

relative to their technically-driven (T4) predecessors 

§ T2 milestones (×69) – owned by DOE and Federal Project Director

§ T3 milestones (×137) – owned by Fermilab

§ Technically-driven milestones are used to track technical progress for all 

work done (by both costed and scientific labor)

§ T4 milestones (×273) – owned by Project Manager

§ T5 milestones (×511) – owned by L2 Manager or CAM

§ External constraint milestones are used to align to the iCMS schedule

1. External things that are needed by the Project (e.g. funding, iCMS chips) 

o These are predecessors (pre-requisites) to subsequent project work

2. Deliverables of the Project that are needed by iCMS
o These are successors to the project work that produces the deliverable

o Project maintains schedule contingency before the iCMS “need by” milestones
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CMS-doc-13321

à Charge



Milestones
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CD-1

Long Shutdown 3

Flat barrel complete

CD-3A

CD-2/3

Jul 2025: CMS need by date for T-KPP

5.7 months of float to CMS need by date

Project milestone

External constraint

(e.g. CMS need by date)

Schedule contingency

Dec 2025: Objective KPP complete

CD-4

For visual clarity, only a 

selection of 2S module 

batches milestones are 

displayed.  PS-S and PS-P 

milestones are similar.

Modules complete (Batches #1–9)

Aug 2024: Threshold KPP complete

Modules complete (Batch #10)

11.4 months of float to CMS need by date

Objective KPP 

decision

Ready for CD-2

CMS-doc-13321
CMS-doc-13245

Example: Outer Tracker 

high-level milestones

N.B. by design, all 
the threshold KPPs 

are de-coupled from 
the LHC schedule

Ready for CD-3A
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CD-3A and CD-2 readiness milestones
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CD-1

CD-3A (May 2020)

CD-2
(Nov 2020)

Ready for CD-2
technically-driven 

milestones for 
OT, CE, TD, MTD

Ready for CD-3A
technically-driven 
milestones for OT, 

CE and MTD

OT: Si and CF

CE: Si

BTL: LYSO

Full details in 
L2 breakouts



Critical Path and Schedule Contingency

§ RLS is technically-driven

§ RLS respects CMS/LHC schedule and DOE profile

§ RLS factorizes into seven almost independent L2/L3 areas, 
with distinct critical paths à less schedule risk

(1) Outer Tracker, (2) Calorimeter Endcap, (3) Calorimeter Trigger, (4) Correlator 
Trigger, and (5) DAQ, (6) Barrel Timing Layer and (7) Endcap Timing Layer

§ To ensure we can deliver to CMS on time, we include 
schedule contingency between 

(1) Threshold KPP early finish date and the corresponding
(2) CMS “needs by” date
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Critical Path and Schedule Contingency
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Example:  402.2 Outer Tracker

Outer Tracker Threshold KPP:  

Aug 2024: Flat Barrel construction complete 
(11.4 months of float before CMS need by date)

Aug 2024: Module batches 1–9 construction complete
(5.7 months of float before CMS need by date)

Long Shutdown 3

Outer Tracker Objective KPP:
Dec 2025: OT construction and integration complete

402.2.3 Sensors

402.2.4 MaPSAs

402.2.5
Modules

Critical path activity
Schedule contingency
External milestone
(e.g. CMS need by date)

CMS need 
by dates
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Schedule Contingency
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CD-4
3.1 years of schedule 

contingency from
final T-KPP to CD-4

Long Shutdown 3

Outer
Tracker

Calorimeter
Endcap

Trigger 
and 
DAQ

Timing
Layer

Threshold KPP

Objective KPP

Threshold KPPs have 
6 – 14 months schedule 
contingency before their 

CMS need by dates

CMS-doc-13237

11.2 months

5.7 months

7.2 months

9.1 months

9.1 months

11.0 months

14.2 months

Note: float quantities from P6, PRA, and Excel may differ 
by ~0.1 months due to different treatment of  calendars



Risk Analysis 
and Contingency
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Risk Management

§ Risk management addresses the effects of uncertainties on objectives
§ 70 Threats: negative risks – minimize probability and impacts
§ 2 Opportunities: positive risks – maximize probability and impacts

§ 5 Uncertainties: positive or negative – need to manage them

§ We use Fermilab’s OPSS-supported risk process & tools
§ These are based on PMI’s PMBOK and DOE 413.3b)

§ Risk issues discussed weekly as required; full risk board meeting every 2-3 months

§ Risk identification is carried out by CAMs, SMEs, L2s, PMs …
§ Risk workshops, brainstorming, WBS and RBS review 

§ Estimate risk probability and cost and schedule impacts

§ Risk mitigations are pre-emptive actions in our base plans 
§ R&D, pre-production, QA/QC, multiple vendors, redundant facilities…

§ Risk response plans use contingency to cope with residual risk
§ In extremis: don’t complete all the objective KPP scope

§ Risk MC analysis aggregates the consequences of all risks 
§ Including costs from standing army and escalation due to delays
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Risk Management Plan
CMS-doc-13749

à CMS-doc-13237

Charge #5



Risk updates since DOE IPR (June 2018)

The IPR was concerned that technical risk may be under-estimated, so we 
systematically re-assessed all risks

§ 3 workshops to review OT, CE, and TD risks, with external experts
§ 402.2 Outer Tracker: New: OT Wire bonding problems, flat barrel damage;  Updated: OT 

C-foam, sensor quality, QC sites, mechanics vendor; Standing army costs for module 
assembly

§ 402.4 Calorimeter Endcap: New: Need to accelerate production, Si motherboard 
complexity. Retired: Cheaper p-on-n Si wafers; Non-delivery of Si sensors

§ 402.6 Trigger and DAQ: New: Inadequate DAQ storage manager I/O performance

§ MTD internal risk workshop identified and analyzed 30 MTD risks

§ 2 workshops with external experts reviewed / updated MTD risks

§ Review Fermilab Risk Breakdown Structure for missing risks (à extra slide)

§ Updated project wide risks
§ A year has passed, so exchange rate, escalation, and OH risks are all 

diminished. Transferred key personnel and contributed labor risks to L2.
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à Charge



Risk Register

§ Risks are managed in Fermilab’s web-based Risk Register

Example risk:

26DOE CD-1 Review                       Project Cost, Schedule, and Risk Lucas Taylor, 22 October 2019

Risk Register
CMS-doc-13480

Charge #5



Risk Analysis

§ CAMs estimate the probability 
and cost & schedule impacts
§ 1-point (single value) 
§ 2-point (flat range)
§ 3-point (triangle function)

§ Risks ranked using matrix
§ Probability vs. Impact

§ Project has 77 open risks
§ 15 High rank (FPD & PM)
§ 36 Medium (PM & L2s)
§ 26 Low (L2s & CAMs)
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Probability

Impact

Min

Likely
(point 

estimate)

Max

Mean

Risk Management Plan
CMS-doc-13749



High ranked risks

§ Standing army and escalation burn rate costs are included 
in risk cost impacts – proportional to risk delays
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Minimum    Likely     Maximum

Risk Register
CMS-doc-13480

CMS-doc-13481



Risk and Contingency Analysis

§ Build risk MC model using Oracle’s Primavera Risk Analysis
§ Imports the P6 resource loaded schedule and risk register
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Cost and 

schedule 

drivers

Cost and 

schedule 

probability 

distributions

PRA Risk Model
Full resource-loaded schedule
Uncertain costs and durations
Probabilistic risk events
Cost & schedule impact PDFs
Correlations and burn rates

P6 RLS
Activities
Schedule logic
Milestones
Fully burdened costs
Activity-level uncertainties

Risk Register
Risk description, owner,…
Risk probability 
Impact: tech, cost, schedule 
Standing army, escal’n burn
Mitigation &response plans

Risk Analysis
CMS-doc-13481

For each iteration of the risk MC:
1. Risks do / don’t happen according to 

their estimated probability

2. If a risk happens, choose cost and 
schedule impacts from p.d.f. e.g.

3. Re-compute entire schedule allowing 
for costs and delays of all risks

Repeat 1. – 3. for many scenarios

Probability distributions of project cost 
and finish dates à determination of cost 
& schedule contingency

Probability

Impact

Min

Likely

Max

Mean
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Total project cost
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Total Cost =  $ 162.03 M (90% CL)
-- Base Cost =  $ 124.63 M (cost to go = $106.52M)
-- Contingency =  $   37.39 M (35.1% of cost to go)

– Est. uncertainty =  $   27.32 M (25.6% of cost to go)
– Risk contingency =  $   10.07 M (  9.5% of cost to go)

DOE Guidance =  $ 162.05 M

Results of risk 
MC with full P6 
schedule and 
stochastic risk 
events

Risk Analysis
CMS-doc-13481
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Risk-based contingency
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$10.4M at IPR  (June 2018)

Risk-based contingency 
from all risks = $10.07M

“Tornado” plot 
showing the top 

30 cost risks



CD-1 Cost Range

§ For base cost + estimate uncertainty
use AACEI / DOE* estimate classes
§ Mapped to Fermilab maturity categories

§ For risk-based contingency, range is 
taken from the MC spread in risk cost 
§ Lower (70% CL) to higher (95% CL)
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Charge #3



§ Risk MC aggregates 
delays stochastically in 
the full P6 schedule

§ Risks will delay finish 
by < 8.8 months at 
90% confidence level

§ Plan has 11.4 months
of float before the CMS 
need by date

§ T-KPP will finish before 
the need by date at 
97% confidence level

§ Will revisit schedule risk 
when new LHC 
schedule is known
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Risk MC assessment of schedule contingency
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Example:  Outer Tracker – Flat Barrel construction



§ In the baseline plan, L2/L3 areas have (5.8–14.1) months
of float between the early finish and the CMS need by date

§ Risk MC shows that risks will delay threshold KPP finish 
dates by < (4.6 – 11.1) months at 90% confidence level
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Adequacy of schedule contingency
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§ L2/L3 areas all finish 
before CMS need by 
dates at > 93% CL
§ Except Calorimeter 

Endcap which is 73% CL 

§ Will revisit schedule 
risk when new LHC 
schedule is known

Note: float quantities from P6, PRA, and Excel may differ 

by ~0.1 months due to different treatment of  calendars



Summary
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§ M&S and labor costs have been estimated bottom-up by experienced teams for 

all L2 areas – including Timing Layer – using vendor information, labor estimates, 

labor rates, indirect costs, escalation, exchange rates, and estimate uncertainties 

§ Resource loaded schedule has been developed in Primavera P6 and aligned 

with the CMS schedule – including schedule contingency to CMS need-by dates

§ Risk and MC-based contingency analysis has been performed

Base cost = Direct + Indirect + Esc.= $124.63M

Estimate uncertainty = $  27.32M

Risk-based contingency (90% C.L.)= $  10.07M

Total Project Cost = $162.03M

§ Cost, schedule, and risk documentation is as required by DOE O413.3b 

§ We are ready for CD-1 approval and are well on the way to a CD-2 baseline 
plan, which will enable us to deliver the project with high confidence consistent 

with the CMS schedule and within the DOE cost guidance ($162.05M)
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Summary
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Contingency = 35.1% of cost to go
(40.2% including the scope options)

Charge #3, #5, #7



End
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à Supporting slides
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Risk Identification
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2 risks

6 risks

6 risks

7 risks

2 risks

3 risks

10 risks

15 risks

1 risk

3 risks

4 risks

1 risk

Risk Register
CMS-doc-13480

3 risks

1 risk

1 risk

8 risks

+ 4 risks in 
multiple areas


